Prostate cancer starts as androgen-dependent malignancy and responds initially to androgen ablative therapy. Beneficial effects of androgen ablation, however, are often temporary and the cancer reappears as androgen-independent tumor, suggesting the existence of additional factors responsible for progression of the disease. Attention has focused on receptor tyrosine kinases as the growth mediators of androgen-independent prostate cancer; overexpression of epidermal growth factor receptors or their ligand heparin-bound epidermal growth factor, for example, promotes transition to androgen independence. Emerging data demonstrate involvement of another class of cell membrane-anchored receptors, the heterotrimeric guanine-binding (G) protein-coupled receptors (GPCRs) in prostate cancer. In vitro, stimulation of many endogenous GPCRs induces mitogenic signaling and growth of prostate cancer cells. The GPCRs transduce mitogenic signals via activated G proteins in the form of G␣-GTP and G␤␥ subunits. Here, we show that expression of a G␤␥ inhibitor peptide derived from carboxy terminus of G protein-coupled receptor kinase 2 obliterates serum-regulated prostate cancer cell growth in vitro and prevents prostate tumor formation in vivo. We also demonstrate that inhibition of G␤␥ signaling retards growth of existing prostate tumors by inducing cell death. These data establish a central role for heterotrimeric G proteins in prostate cancer and suggest targeted inhibition of G␤␥ signaling may serve as specific molecular therapy tool to limit pathologic growth of advanced prostate cancer.
Prostate cancer is the most diagnosed cancer in men and the second leading cause of male cancer deaths in the United States (1) . The cancer usually begins as an androgen-dependent (AD) 1 lesion in the prostate gland that can be successfully treated with androgen ablation therapy (2) . Often, the hormonal therapy becomes ineffective as the tumor progresses into the androgen-independent (AI) state, and to date there is no cure for AI prostate cancer (2, 3) . Factors involved in the transition of the prostate tumor from AD to AI are not well established and represent a major hurdle to improving disease outcome. Recent evidence demonstrates that growth of AI prostate cancer cells is regulated by the androgen receptor (AR), even in the absence of added androgens (3) (4) (5) , suggesting the AR may be activated by factors other than androgens.
Peptide growth factors, including the insulin-like growth factor 1 and epidermal growth factor (EGF) have been suggested in the development and progression of the prostate cancer to androgen independence (6, 7) . These growth factors induce mitogenic responses by activating their cognate receptors, which possess ligand-activated protein tyrosine kinase activity. Ligand binding initiates a cascade of phosphorylation reactions that culminate in the activation of multiple intracellular signaling networks collectively responsible for the growth factor-regulated cell proliferation. For example, stimulation with EGF activates extracellular signal-regulated kinase (ERK) 1 and 2 (8) , and prostate biopsies show increased levels of activated ERK in advanced stage tumors and tumors that have recurred after androgen ablation, compared with benign specimens (9, 10) , suggesting ERK may contribute to disease progression. EGF could also participate in prostate tumorigenesis by regulating AR function; overexpression of EGFR family member HER2/neu in AD prostate cancer cells activates AR and synergizes with low concentrations of androgens to further activate the AR (11, 12) . In xenograft models, transition to AI cancer is associated with increased expression of HER2/neu (11), implying cooperative cross-talk between HER2/neu and AR. Together, these data suggest that receptor tyrosine kinases contribute to pathologic growth of the prostate.
Evidence is also accumulating for involvement of another class of membrane-anchored proteins, the G protein-coupled receptors (GPCRs) in neoplastic transformation of the prostate (13, 14) . Malignant prostate specimens express elevated levels of GPCRs, including the orphan prostate-specific G proteincoupled (15) , bradykinin 1 (16) , and endothelin 1A receptors (17), compared with benign tissue. In addition, prostate cancer patients express elevated levels of GPCR ligands in the prostate gland, including follicle-stimulating hormone (18) and endothelin (17) . Thus, the malignant prostate expresses increased levels of GPCRs and their ligands, suggesting the GPCR system may be activated in prostate cancer and, therefore, contribute to initiation or progression of the disease.
The GPCRs relay signals mostly via heterotrimeric G proteins in the form of G␣-GTP and G␤␥ subunits (19, 20) . In particular, the G␤␥ subunits of several G proteins promote mitogenic Ras-ERK signals via activation of multiple effectors, including phosphatidylinositol 3-OH kinase, non-receptor tyro-sine kinases, and phospholipases (21) , which participate in regulation of cell growth and survival. Involvement of the G␤␥ subunits in the GPCR-regulated ERK activation was determined by the use of a specific G␤␥-binding peptide derived from the carboxyl terminus of G protein-coupled receptor kinase 2 (GRK2ct) (22) . The GRK2ct binds free G␤␥ subunits and effectively prevents them from activating their downstream effectors (23) .
Recently, we demonstrated that stimulation of endogenous GPCRs for lysophosphatidic acid (24, 25) and bradykinin (16, 26, 27) could promote the growth of prostate cancer cells in vitro in an ERK-dependent manner. Further, we showed that lysophosphatidic acid-regulated activation of ERK is mediated by G␤␥ (24) . However, the role of G␤␥ in serum-mediated growth of prostate cancer cells is not known. Here, we utilized adenoviral-mediated gene transfer of GRK2ct to examine whether G␤␥ subunits contribute to serum-induced proliferation of prostate cancer cells. Also, we studied involvement of G␤␥ subunits in prostate tumor growth in mice. Our results demonstrate critical role for the G␤␥ subunits in growth of prostate cancer cells in vitro and in vivo and suggest their potential utility as targets effective for the treatment of this common disease.
EXPERIMENTAL PROCEDURES
Cell Culture and Adenoviral Infection-Androgen-insensitive human prostate cancer PC3 cells were obtained from ATCC and cultured in RPMI 1640 containing 10% fetal bovine serum and antibiotics, as described previously (24 -26) . Adenoviruses were prepared and expanded as described previously (28, 29) . PC3 cells were seeded overnight to allow attachment to tissue culture plates, and cell culture medium was replaced with phosphate-buffered saline (PBS) containing 2% fetal bovine serum and the indicated adenovirus for 2 h at 37°C. Adenoviruses encoding ␤-galactosidase (Ad-␤-Gal) and green fluorescent protein (Ad-GFP) were used as controls. Ad-GFP-GRK2ct was engineered as a bicistronic construct that encodes separate GRK2ct and GFP polypeptides. The GRK2ct peptide encompasses 194 amino acids from the carboxyl terminus of GRK2 that contains pleckstrin homology (PH) domain. The GRK2ct binds G␤␥ via the PH domain and effectively prevents G␤␥-dependent signaling. Infected cells were washed once with culture medium and allowed to recover overnight. In the case of PC3 cells infected with Ad-GFP or Ad-GFP-GRK2ct, cells expressing the GFP were enriched by selection on a fluorescent cell sorter (FACStar Plus, BD Biosciences). In all cases, infected cells were always incubated in medium containing 10% serum.
In Vitro Cell Growth-PC3 cells were infected with Ad-GFP or Ad-GFP-GRK2ct, and those expressing the GFP protein were selected by FACS. Cells were seeded in 6-well plates and allowed to grow in culture medium containing 10% fetal bovine serum for the indicated times. Cells were harvested with trypsin, washed with PBS, and exposed to trypan blue, which stains damaged cells only (26) . The number of viable cells, those that excluded the dye, was counted using hemocytometer.
Tumor Growth-Xenografts were established by injection of 1 ϫ 10 6 cells suspended in a mixture of 50 l of culture medium and 50 l of Matrigel subcutaneously into the flanks of 6 -8-weeks-old BALB/c athymic male mice. Tumors were measured using calipers and tumor volume was determined using the formula /6 ϫ larger diameter ϫ (smaller diameter) 2 . Each experiment consisted of 10 mice/group and was repeated three times with independently isolated virus. Infection of existing tumors (approximate size 250 mm 3 ) was done by direct injection of suspended virus (5 ϫ 10 9 total viral particles in 100 l of PBS/animal) into tumor mass. Control animals were injected with empty virus or PBS. Animals were injected twice, 5 days apart. Each experiment consisted of 10 animals/group and was repeated twice.
Immunoblotting-Appropriately infected PC3 monolayers were lysed in 150 mM NaCl, 50 mM Tris-HCl (pH 8), 5 mM EDTA, 10 mM NaF, 10 mM NaPPi, 1% Nonidet P-40, 0.5% deoxycholate, protease inhibitor tablet (Roche Applied Science), 1 mM phenylmethylsulfonyl fluoride, and 100 M Na 3 VO 4 , and protein concentrations were determined using Bradford assay. Equal amounts of protein from each sample were separated on SDS-polyacrylamide gels and transferred to nitrocellulose filters. GRK2ct expression was determined using a 1:5,000 dilution of C5/1 anti-GRK2/3 antibody (30). Blots were developed with a 1:7,000 dilution of horseradish peroxidase-conjugated secondary antibody, and proteins were visualized with enzyme-linked chemiluminescence (Amersham Biosciences).
Cell Survival Assay-Cells were immunostained with Annexin V and 7-amino-actinomycin D (7-AAD) antibodies and examined by FACS, according to the manufacturer's instructions (Pharmingen). Cells that are at an early stage of apoptosis are Annexin V-positive and 7-AADnegative, whereas dead cells express both proteins.
Immunohistochemical Staining-Tumors were surgically dissected and photographed using a Coolpix 995 digital camera (Nikon) attached to a dissection microscope (Bio-Rad). Paraffin-embedded tumor sections (5-m thick) were stained by the avidin-biotin complex method, as described previously (16) . Briefly, endogenous peroxidase activity was inhibited by exposure to 0.3% H 2 O 2 /methanol, and antigen retrieval was performed by incubation in 10 mM citrate buffer, pH 6.5, at 94°C for 15 min. Nonspecific binding was blocked by incubating tissue sections in 10% normal goat serum for 30 min at ambient temperature, followed by overnight incubation at 4°C with 1:200 dilution of rabbit polyclonal anti-CD-31 antibody. Tumor cell death was determined by immunostaining tissue sections to detect fragmented DNA using commercially available kits (FragEL DNA Fragmentation, VWR Scientific Products) according to the manufacturer's instructions. Sections were washed twice with PBS, incubated with 5 mg/ml goat anti-rabbit biotinylated antibodies in PBS containing 1% bovine serum albumin for 30 min at ambient temperature, and then incubated with avidin-biotin complex reagent for 30 min. Specific immunostaining was visualized with 3,3Ј-diaminobenzidine. Slides were dehydrated and counter stained with hematoxylin. Specific staining was visualized using a Zeiss LSM 510 laser scanning confocal microscope equipped with a Zeiss 63 ϫ 1.4 numerical aperture water immersion lens.
RESULTS
In Vitro Adenoviral GRK2ct Gene Transfer-Protein immunoblotting of lysates obtained from androgen-independent prostate cancer PC3 cells infected with the GRK2ct adenovirus revealed the dose-and time-dependent expression of the 30 kDa GRK2ct peptide, which was not present in cells infected with empty vector (Fig. 1, A and B) . Maximal expression of the GRK2ct peptide occurred 3 days post-infection (Fig. 1B) . Importantly, we observed that expression of endogenous GRK2 decreased on day four post-infection (Fig. 1B) , perhaps due to decreased viability of the prostate cancer cells.
In Vitro Effects of GRK2ct Expression on Cell Proliferation and Survival-Inhibition of G␤␥ signaling attenuates GPCRand serum-mediated activation of ERK (24, 28) , which is required for prostate cell growth (26) . We determined the effect of GRK2ct expression on growth of cells cultured in medium containing 10% serum. Cells were infected with adenovirus that encodes individual GRK2ct peptide and green fluorescent protein (Ad-GFP-GRK2ct). Control cells were infected with adenovirus that encodes the GFP alone. Exposure of cells to adenovirus at a 10 multiplicity of infection resulted in nearly 100% infection efficiency as determined by fluorescence signal of cells infected with the GFP virus (data not shown), consistent with previous data obtained using vascular smooth muscle cells (28) and ventricular myocytes (31) . Infected cells that express GFP (Fig. 1C) were selected using FACS and were allowed to grow in 10% serum-containing medium. Growth rate was determined by counting cells (26) using a hemocytometer. As shown in Fig.  1E , expression of the GRK2ct peptide limited the serum-induced PC3 cell proliferation, compared with wild type uninfected and Ad-GFP-infected cells. The observed decrease in growth rate of PC3 cells expressing the GRK2ct is consistent with the finding that G␤␥ subunits regulate ERK activation (13, 24) , which control growth factor-regulated prostate cancer cell growth (26) .
The reduced number of viable GRK2ct-expressing prostate cells may result from inhibition of cell growth or induction of cell death, apoptosis. Cell survival was determined by immunostaining for Annexin V and 7-AAD and analyzed by FACS. Transient expression of GRK2ct for 2 days promoted the dosedependent increase in apoptotic PC3 cells, reaching 50% at a viral titer of 50 plaque-forming units (pfu) (Fig. 2) . Infection with similar concentrations of control Ad-GFP showed no effect on the PC3 cell survival. Transient expression of the GRK2ct peptide for 2 days did not modulate the number of dead cells (Fig. 2) , in agreement with cell proliferation data shown in Fig.  1 . However, infection for longer periods promoted the time-dependent death of cells and no viable cells were detected after 1 week of infection. Importantly, these data were collected using cells cultured in serum, which demonstrates that G␤␥ subunits are critical regulators of prostate cancer cell growth and survival under physiologically relevant conditions.
In Vivo Effects of G␤␥ Inhibition on Prostate Tumor
Growth-To further implicate the G␤␥ subunits in prostate cancer cell growth, we established a xenograft model to assess effect of GRK2ct expression on PC3 tumor formation in mice. PC3 cells were infected with either Ad-GFP or Ad-GFP-GRK2ct at a multiplicity of infection of 10, and cells expressing the GFP protein were sorted by FACS. Selected cells were suspended in Matrigel and injected subcutaneously into the flanks of athymic male mice. Tumors from wild type and Ad-GFP-expressing PC3 cells were detectable 6 -10 days after implantation (Fig.  3A) and were highly angiogenic (Fig. 3, B and C) . On the other hand, PC3 cells expressing the G␤␥ inhibitor GRK2ct showed a delayed tumor formation response; tumors were not visible until thirty days after injection (Fig. 3A) . Moreover, whereas most animals injected with wild type or Ad-GFP-expressing PC3 cells formed tumors (27 tumors out of 30 injected animals), only 6 out of 30 mice injected with the Ad-GFP-GRK2ct-infected PC3 cells formed tumors. These tumors were retrieved and tested for expression of the GRK2ct by immunoblotting. No tested tumor showed expression of the GRK2ct peptide, suggesting they most likely originated from cells that did not express the G␤␥ inhibitor.
Effects of GRK2ct Expression on Growth of Existing Prostate
Tumors-To begin to assess the role of G␤␥ subunits as potential effective targets to limit growth of existing prostate tumors, we established PC3 tumors in mice and tested the effect of expressing the GRK2ct peptide on the rate of tumor growth. The mice were randomly divided into two groups when tumor volume reached about 250 mm 3 . In the first group, animals were injected intratumorally with Ad-GRK2ct and in the second group equal number of animals were similarly injected with control adenovirus that expresses Ad-␤-Gal. Both groups received two injections that were 5 days apart. Results show that tumors injected with the Ad-GRK2ct displayed a retarded growth rate, compared with tumors injected with Ad-␤-Gal (Fig. 4A) . Interestingly, significant differences in tumor volume between the two groups were not noticeable until about 1 week after the second treatment. Moreover, there was no actual reduction in tumor size; rather expression of the G␤␥ inhibitor suppressed the further tumor growth. These data mirror the in vitro results showing that expression of the GRK2ct peptide prevented growth of the prostate cancer cells (Fig. 1E) .
FIG. 1. Effect of GRK2ct expression on prostate cancer cell growth.
Representative Western blots demonstrate the dose-dependent (A) and time-dependent (B) expression of GRK2ct in prostate cancer PC3 cells infected with Ad-GFP-GRK2ct. In A, cells were incubated for 2 days after infection, and in B, cells were infected with 25 pfu. Note that the C5/1 antibody recognizes GRK2ct as well as endogenous GRK2 and GRK3 proteins. Representative fluorescence (C) and phase contrast (D) microscopy images of PC3 cells infected with the Ad-GFP-GRK2ct (25 pfu) for 2 days. E, expression of the GRK2ct attenuates seruminduced PC3 cell growth. Cells were infected with 50 pfu each of Ad-GFP-GRK2ct or control Ad-GFP and infected cells were selected by FACS. Cell number was determined by counting viable cells using hemocytometer, and each experiment was repeated using three different preparations of virus. *, p Ͻ 0.05 compared with control cells. pfu, plaque-forming unit; NI, control not infected cells.
FIG. 2. Effect of GRK2ct expression on survival of PC3 cells.
Cells were infected with the indicated virus and allowed to recover for 2 days in culture medium containing 10% serum. Annexin V and 7-AAD staining was used to determine the fraction of apoptotic and nonviable cells, respectively, and staining intensity was analyzed by FACS. Results are means Ϯ S.E. for three independent experiments. *, p Ͻ 0.01 compared with Ad-GFP-infected samples.
Expression of the GRK2ct peptide caused tumor cytostasis (Fig. 4A) , suggesting the inhibition of G␤␥ signaling may promote tumor cell death. To verify this possibility, tumors were excised and their content of fragmented DNA, an index of apoptosis, determined. Tumors that were harvested from animals injected with the Ad-GRK2ct showed clear positive staining for fragmented DNA (Fig. 4B) , whereas those obtained from control animals did not (Fig. 4C) . The reason for the circular appearance of apoptotic centers likely reflects the limited diffusion of injected virus and inability of the adenovirus to further replicate and infect adjacent tumor cells. Thus, only initially infected cells express the GRK2ct, which induces apoptosis. We also observed that the apoptotic regions displayed reduced blood vessel density as determined by decreased expression of the angiogenic marker CD-31 (data not shown). Together, these data demonstrate that expression of the G␤␥ inhibitor regulates prostate tumor size by promoting cell death.
DISCUSSION
Prostate cancer is a heterogeneous disease, and it is commonly observed the cancerous gland contains multiple independent tumors (32) , suggesting the existence of distinct mechanisms involved in the initiation and progression of the disease. The major finding of this study is that G␤␥ subunits exert a critical role in prostate cancer cell growth and survival, and that targeted inhibition of G␤␥ signaling results in significant reduction in rate of tumor growth in vivo. These observations provide an added dimension to the diversity of signals involved in prostate tumorigenesis and cellular responses controlled by G␤␥ subunits of heterotrimeric G proteins. The inhibition of G␤␥ signaling was achieved by expression of a peptide derived from the carboxyl terminus of GRK2, which contains specific G␤␥-binding domain (22, 23) . Our results provide a link between G␤␥ signaling and pathological growth of the prostate and have implications for the pathogenesis and potential treatment of prostate cancer.
The importance of our results is the unexpected finding that prostate cancer cell growth is mediated by G␤␥-dependent signals. In vitro, expression of the GRK2ct peptide significantly attenuated serum-induced PC3 cell growth, suggesting that the majority of the mitogenic activity present in serum is mediated by factors that signal through G␤␥. The inhibition of G␤␥ signaling was also effective in limiting growth rate of prostate tumors in animals. These findings demonstrate that G␤␥ subunits play a prominent role in the growth of prostate cancer cells under physiologically relevant conditions.
The finding that G␤␥ controls prostate cell growth indicates receptors that couple to G proteins are important mitogenic signal transducers. Indeed, prostate cancer tissues express elevated levels of GPCRs, such as bradykinin 1 and endothelin 1A receptors (16, 17) , and GPCR ligands, such as follicle-stimulating hormone and endothelin-1 (17, 18) , compared with benign specimens. Thus, it is likely the cancerous gland contains activated GPCRs that could contribute, via the G␣-GTP and G␤␥ subunits, to initiation or progression of the disease. Our results support the notion that G␤␥ subunits control prostate tumor growth in vivo.
Many studies have addressed the contribution of peptide growth factors and their cognate receptor tyrosine kinases to prostate tumorigenesis (6, 7, 13) . In vitro studies show that overexpression of the EGFR family member HER2/neu (11, 12) , or its ligand heparin-bound EGF (33) , promotes the transition of prostate cancer cells to androgen independence. However, conflicting results exist regarding the relationship between expression levels of EGFRs and progression to AI prostate cancer in humans. Signoretti et al. (34) reported that expression of HER2/neu protein was higher in tumors that were treated with androgen ablative therapy, compared with pretreatment levels, and that the incidence of HER2/neu-positive tumors increased after androgen deprivation. However, Calvo et al. (35) showed no correlation between HER2/neu expression and progression to androgen insensitive prostate cancer. It is likely that activation state, rather than expression level of HER2/neu, is the important factor for transition to AI prostate cancer. In support of this conclusion are the recent findings that inhibition of HER2/neu signaling attenuates growth of xenografted breast and prostate cancer tumors that do not overexpress the receptor (36) .
Existing data suggest the likely contribution of EGFRs to progression to AI prostate cancer. Less clear, however, are the mechanisms responsible for EGFR activation in the prostate cancer cells. EGFRs could become activated in the prostate due to overexpression of the receptors themselves (11, 12) or their ligands (33) . Importantly, we recently reported that stimulation of endogenous GPCRs in prostate cancer cells induces activation of EGFRs (25, 26) in the absence of exogenously added EGFR ligands. For example, stimulation with lysophosphatidic acid promoted activation of matrix metalloproteinases that cleave plasma membrane-anchored proEGFR ligands leading to their secretion. The released EGFR ligands bind their cognate receptors in a paracrine and autocrine fashion and activate them. Thus, GPCRs act as master regulators able to control EGFR activity in prostate cells. The significant finding of our present studies is that targeted inhibition of G␤␥ signaling with GRK2ct suppresses growth of xenografted prostate tumors that originate from cells that do not overexpress EGFRs.
The results of the in vitro cell growth in serum and in vivo tumor growth in mice showing GRK2ct regulates cell proliferation suggest that signals from GPCRs are critical for prostate cell growth. G␤␥ have recently been shown to also transduce signals from bona fide receptor tyrosine kinases, such as ERK activation by insulin-like growth factor 1 (37) and smooth muscle cell proliferation by the platelet-derived growth factor (29) receptors. The latter observation is of particular interest because PDGF is a known proangiogenic factor, and angiogenesis is critical for tumor growth. We observed that expression of the GRK2ct peptide in existing prostate tumors reduced the staining intensity for the angiogenic marker CD-31. Thus, G␤␥ may act as convergence loci of mitogenic signals initiated by not only GPCRs, but also certain receptor tyrosine kinases.
In summary, the results of these preclinical studies show that G␤␥ subunits regulate prostate cancer cell growth and survival by the different factors present in serum. Inhibition of G␤␥ signaling represents a potentially effective therapeutic strategy to treat advanced prostate cancer patients. Blockade of G␤␥ signaling can be achieved by genetic transfer of peptides such as the GRK2ct or small pharmacological molecules.
